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ABSTRACT 
 Isotope ratio measurements are an important tool in evaluating the remediation process in 
contaminated aquifers. The chemical indicators provided by certain isotope ratio shifts help to 
resolve complications from the physical and chemical heterogeneities unique to each site. For a 
number of redox-active contaminants (e.g., chromate, nitrate, selenate, etc.) reduction reactions 
transform toxic, soluble compounds into non-toxic forms. Reduction induces isotopic 
fractionation, which may thus be used to determine the amount of reaction that has occurred. 
However, when the Rayleigh distillation equation is used to relate the isotope ratio shifts to the 
amount of reaction, known flaws in this approach lead to a considerable underestimation in 
results. Observed isotope shifts are less than expected based the assumption of a homogeneous 
system with no mixing, and this causes a substantial underestimation of the extent of reaction in 
natural aquifers. 
 The goal of this study is to develop a reactive-transport model that may be used to 
determine the magnitude of isotopic shifts when reduction is unevenly distributed in aquifers 
(e.g., restricted to organic-rich lenses). This model incorporates heterogeneity and determines 
effective isotopic fractionation values for various systems. Thus, it improves our ability to 
understand the controls on the effective fractionation and ultimately to estimate the amount of 
reaction at contaminated sites. The widely used flow and reactive transport codes MODFLOW 
and MT3D were used to construct a set of simple 2-dimensional simulations, with reaction 
occurring only in certain restricted domains. The results indicate strongly decreased effective 
isotopic fractionation relative to the homogeneous case, and show that the fractionation is muted 
to a greater extent when reaction is stronger, or when the interiors of the reactive domains are 
less well connected to the rest of the aquifer.   
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CHAPTER 1:  INTRODUCTION 
1.1 Using isotope ratios to detect & quantify redox reactions 
 Determining the fate and transport of pollutants that undergo reduction-oxidation (redox) 
reactions is vital to efficiently remediate contaminated groundwater sites. Properly quantifying 
the extent of reduction or oxidation occurring is valuable to understanding the amount of natural 
attenuation and ultimately, implementing the most effective remediation strategy (USGS, 2006). 
The mobility and toxicity of many groundwater contaminants are greatly affected by redox 
reactions. Several toxic, mobile contaminants can be reduced to become less toxic and immobile. 
Redox-sensitive contaminants commonly found in groundwater include chromate (CrO4
2-), 
nitrate (NO3-), selenate (SeO4
2-), perchlorate (ClO4
-), trichloroethylene (TCE), and other organic 
contaminants. While sulfate (SO4
2-) is not considered to be toxic, its isotopes can also be used to 
quantify the amount of reduction. The geochemical and biological behavior of these redox-
sensitive species are greatly dependent on redox reactions, as I summarize below. A quantitative 
tool that can reveal and perhaps quantify the redox reactions affecting all of these compounds 
would improve the effectiveness of the remediation process.  
 Chromium, a commonly found groundwater contaminant, is naturally found in ultramafic 
rocks. Natural weathering processes can mobilize significant quantities of Cr (Izbicki et al., 
2008). It is also released anthropogenically from industrial activities such as metal and alloy 
manufacturing, chrome plating, copy machine toner, leather tanning, and textiles (Testa, 2004). 
Hexavalent chromium, Cr(VI), and trivalent chromium, Cr(III), are the two stable valence states 
of chromium in nature. The valence state is significant because it determines the toxicity and 
mobility of chromium (Nriagu and Nieboer, 1988). In groundwater, Cr(VI) is highly toxic, 
soluble and mobile whereas Cr(III) is less toxic, insoluble and adsorbs strongly, making it less of 
a health concern (Nriagu and Nieboer, 1988). In an oxidized environment, Cr(VI) is the stable 
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form and can exist as the following compounds: chromate (CrO4
2-), dichromate(Cr2O7
2-), and 
hydrochromate (HCrO4
-). Cr(III) is the stable reduced species; it can be found as adsorbed ions, 
Cr(OH)3, or Cr2O3 (Kitchen et al., 2012). 
 Nitrogen is biologically active, has many redox states, and can undergo many different 
reactions (Clark and Fritz, 1997). Nitrate (NO3-) is a widespread, soluble, mobile contaminant 
that can be reduced by microbes to N2 gas by breaking nitrogen and oxygen bonds. This process 
is called denitrification. Nitrate is heavily used as an agricultural fertilizer and has become a 
water quality concern (Clark and Fritz, 1997). Excessive nitrate export from fields contributes to 
eutrophication, or nutrient loading, of estuaries, lakes, and rivers. This gives rise to harmful algal 
blooms (Fenton et al., 2011) and subsequent hypoxia.  
 Selenium is an important nutrient for living organisms, but in excessive concentrations it 
becomes toxic (Alloway, 2012). This lethal characteristic is believed to be from nonspecific 
replacement of sulfur by selenium due to their chemical similarities (Stolz et al., 2006). Selenium 
has many industrial applications, including electronics, glass, plastics, paints, inks, and textiles 
(USEPA, 2013). The major sources of selenium contamination are agriculture runoff from 
selenium-rich soils, waste rock from mining, and coal ash. Selenium has four valence states, 
Se(VI), Se(IV), Se(0), Se(-II), and three oxidized species selenite (SeO4
2-), selenite (SeO3
2-), and 
hydroselenite (HSeO3
-). These compounds are associated with the valence states Se(VI) or 
Se(IV) and are toxic and soluble, and therefore mobile in groundwater. These toxic species can 
undergo reduction to form elemental selenium Se(0) which is less toxic, insoluble, and therefore 
immobile in groundwater (Alloway, 1990).  
 Perchlorate (ClO4
-) is another groundwater pollutant of concern because of its damaging 
effects on the thyroid gland by disruption of iodine uptake (Sahu et al., 2009; Srinivasan and 
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Viraraghavan, 2009). Perchlorate salts readily dissolve and are easily transported in water (Sahu 
et al., 2009). Because of its strong oxidizing properties, perchlorate is used in manufacturing 
solid rocket fuel, explosives, and fireworks, in addition to other specialized uses within the 
chemical industry (Srinivasan and Viraraghavan, 2009). Perchlorate is primarily reduced by 
bacteria to chlorate (ClO3
-), and can be reduced by abiotic processes, but abiotic remediation is 
impractical (Stroo and Ward, 2009). Chlorate can be further reduced to chlorine dioxide (ClO2
-). 
This intermediate byproduct is toxic and a final reduction step is needed to break the compound 
down to two non-toxic forms: Cl- and O2 gas (Rikken et al., 1996).  
 The Environmental Protection Agency (USEPA) has classified TCE as “carcinogenic to 
humans” (USEPA, 2011). TCE is commonly used as an industrial solvent and degreaser. It is a 
volatile organic compound (VOC), which evaporates quickly and easily into the atmosphere. In 
the subsurface, TCE is a dense non-aqueous phase liquid (DNAPL) which is slightly soluble and 
can be mobile in groundwater. TCE is persistent in the environment for decades because of its 
complex chemistry and low dissolution rates.  
 In groundwater, TCE is biodegraded naturally by bacteria via reductive dechlorination 
(Mundle et al., 2012). To expedite this natural process, electron donor compounds and other 
nutrients can be added to feed naturally occurring bacteria (Ritter and Scarborough, 1995). TCE 
can be microbially dechlorinated by removal of a chlorine anion, and its replacement with a 
hydrogen, to form dichloroethane (DCE). Continued dechlorination will reduce DCE to vinyl 
chloride. Incomplete degradation and possible accumulation of intermediates (DCE and VC) is a 
major concern with remediation because of high toxicity and carcinogenic properties associated 
with these compounds, especially vinyl chloride (Mundle et al., 2012). Vinyl chloride can be 
broken down to ethane, which is not a health concern (Elsner, 2010). 
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 Sulfur is an important component of biogeochemical cycles and an essential nutrient for 
life processes (Reddy and Delaune, 2008). Sulfur is both an electron acceptor and donor since it 
has oxidation states ranging from S(VI) to S(-II). Sulfur is abundant in groundwater, as it can be 
contributed by rocks rich in sulfate (oxidized state; oceans and evaporites) or sulfide (reduced 
state; shales and metallic mineral deposits), seawater intrusion, seaspray, and atmospheric 
contribution from burning fossil fuels and volcanic eruptions (Clark and Fritz, 1997). Sulfur is 
removed from oceans by the process of sulfate reduction. Sulfate (SO4
2-) reduces to sulfide (S-2) 
but is more commonly found in compound form as hydrogen sulfide (H2S).  
 Redox reactions can sometimes be detected and perhaps quantified by measurements of 
the concentrations of the involved species. However, concentration data are affected by many 
processes aside from the redox reactions and thus the data are often hard to interpret accurately. 
For example, the transport processes of advection and dispersion, as well as adsorption, can all 
lead to lower concentrations without any reaction occurring. 
1.2 The Kinetic Isotope Effect 
 Slight variations in the abundances of the stable isotopes of certain elements can be used 
as indicators of redox reactions. For example, chromium has four stable isotopes with the 
following natural abundances:  50Cr (4.35%), 52Cr (83.8%), 53Cr (9.5%), and 54Cr (2.37%) (Berna 
et al., 2010). Sulfur has four stable isotopes, 32S, 33S, 34S and 36S. The natural abundance of sulfur 
isotopes is as follows: the most abundant is 32S with 95.02%, followed by 34S with 4.22%, 33S 
with 0.760% and 36S the rarest with 0.00136% (Canfield, 2001). During reduction, kinetic 
isotopic fractionation occurs; lighter isotopes have greater reaction rates than heavier isotopes 
(Hoefs, 2009). Accordingly, the reaction product is enriched in the lighter isotopes relative to the 
reactant. This uneven distribution of isotopes is known as isotopic fractionation. As reduction 
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progresses, the remaining contaminant reactant pool becomes enriched in the heavier isotopes, or 
“isotopically heavier.” Isotope ratios are thus useful to determine the progress of a reduction 
reaction within a groundwater system. Isotope ratios (e.g. 53Cr/52Cr, 15N/14N, 82Se/76Se, 37Cl/35Cl, 
and 13C/12C) are used to provide a precise comparison of the abundance of a heavier isotope 
relative to a lighter isotope and to quantify the very small shifts in abundances that occur as a 
result of processes like reduction. These changes are often very small, less than one percent, and 
a difference of 0.002‰ in a ratio can be important.  
 Isotopic fractionation is usually quantified using the fractionation factor, α:  
α = Rproduct flux/Rreactant    (1) 
where Rreactant and Rproduct flux are isotope ratios (e.g. 
53Cr/52Cr) of the reactant pool and the 
product flux at one instance in time. The product flux is the incremental reaction product created 
at one instant in time, as opposed to the total accumulated product. To use chromium as an 
example, the fractionation factor is given by:  
𝛼 =
( 𝐶𝑟53 / 𝐶𝑟52 ) 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑓𝑙𝑢𝑥
( 𝐶𝑟53 / 𝐶𝑟52 )𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡
   (2) 
 Kinetic isotope fractionation can be complex, and details of the process by which the 
reaction occurs influence the amount of isotopic fractionation that occurs. Different reaction 
mechanisms (e.g., microbial versus abiotic reduction) can yield different fractionation factors. 
The environmental conditions in which a reaction takes place also influence fractionation factors. 
For example, a temperature change can impact the magnitude of the back reaction, affecting the 
fractionation factor. In the case of nitrogen, the extent of fractionation for denitrification varies 
depending on many factors such as the environment, microbe community and activity (Green et 
al., 2010). Sulfate reduction is mediated by anaerobic bacteria and variations in isotopic 
fractionation can occur due to different metabolism rates (Clark and Fritz, 1997). Reaction 
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pathways and reaction rates influence the fractionation factor. Unlike concentration 
measurements, stable isotope ratios provide better estimates of reduction rates since they are not 
subject to absorption, dispersion or dilution (Johnson and Bullen, 2004; Clark and Johnson, 
2008; Berna et al., 2010). 
1.3 Isotope notation and definitions 
 Isotopic shifts are usually expressed using the ratio of the abundance of a heavy isotope 
relative to that of a light isotope. Because the changes are so small, isotope ratios are commonly 
reported using delta notation. Using chromium (53Cr/52Cr) as an example, delta is defined:  
   𝛿 𝐶𝑟53 = (
( 𝐶𝑟53 / 𝐶𝑟52  )𝑠𝑎𝑚𝑝𝑙𝑒
( 𝐶𝑟53 / 𝐶𝑟52 ) 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1)  𝑥 1000‰  (3) 
δ53Cr expresses, in parts per thousand (per mil), how much a measured ratio deviates from that of 
an interlaboratory standard. 
 The fractionation factor, α, adequately expresses the magnitude and direction of isotopic 
fractionation, but α values are often somewhat awkward (e.g., 0.9965). A more convenient 
parameter, ε, is defined: 
ε = (α – 1) x 1000‰    (4) 
ε is a manipulation of α but is more useful, as it expresses the isotopic fractionation utilizing the 
same convenient per mil notation used for delta. It is also convenient because it is a very close 
approximation of the per mil difference between the delta values of product and reactant: 
ε ≈ δreactant - δproduct flux.    (5) 
 If one wishes to determine a reaction’s progress in a system based on measured isotope 
values, a quantitative relationship between the extent of the reaction and the isotopic shift 
induced by that reaction is needed. The Rayleigh distillation equation provides a mathematical 
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model used to estimate the amount of reactant remaining in a system, from the isotope ratio shift. 
The simplest and most fundamental equation is  
𝑅 = 𝑅𝑜𝑓
𝛼−1     (6) 
where R is the measured isotope ratio of the remaining reactant; Ro is the ratio of the reactant 
initially, before the reaction; f is the fraction of the remaining reactant (the ratio of the 
concentration over the initial concentration); and α is the fractionation factor used to express the 
magnitude of the kinetic isotope effect. However, the Rayleigh equation can be conveniently 
written in terms of delta notation: 
𝛿 =  (𝛿𝑜 + 1000‰)𝑓
𝛼−1 − 1000‰  (7) 
where δ gives the isotopic composition of the reactant and δo is its initial isotopic composition. 
This model is an exact relationship only if the following criteria are met:  the reaction is 
within a closed system, the reactant pool is well mixed, and the product does not back react with 
the reactant. This limits the model’s rigorous application to homogeneous, well-mixed batch 
experiments because these criteria are rarely met in natural settings. This equation may provide a 
close approximation for isotopic shifts occurring in some systems, but recent studies have found 
it significantly over-predicts isotopic shifts (Basu and Johnson, 2012; Bender, 1990; Brandes and 
Devol, 1997; Abe and Hunkeler, 2006; Clark and Johnson, 2008; Green et al., 2010).  
1.4 Heterogeneity, intrinsic fractionation and reservoir muting effects  
 Groundwater systems are often strongly heterogeneous with respect to reaction. For 
example, fine-grained, organic-rich, and chemically reducing silt lenses are commonly 
embedded in coarser, non-reactive materials. When heterogeneity of this type exists, intrinsic 
isotopic fractionation, the actual fractionation occurring at the microscopic scale, is not fully 
manifested at the field scale. This results from “reservoir effects” whereby the supply of CrO42- 
8 
 
inside the reactive zone is limited, as the zone is partially isolated from the main source(s) of the 
reactant. Using Cr(VI) reduction as an example, dissolved Cr(VI) in the interior of a highly 
reactive zone has greater δ53Cr compared to adjacent zones because the reaction has consumed 
lighter isotopes at a greater rate than heavier isotopes. Some of this fractionated Cr(VI) diffuses 
or advects out of the reactive zone. However, some of this fractionated CrO4
2- is consumed by 
the reaction before it can escape. As a result, the reaction’s effects on δ53Cr are only partially 
manifested outside the reactive zone. This results in weaker effective fractionation, compared to 
the case where the same amount of reduction is homogenously distributed throughout the system.  
 Previous studies have addressed the implications of reservoir effects in simpler settings, 
by analyzing isotopic shifts observed in bodies of water that are connected, by diffusion, to 
homogeneous, reactive sediment layers (Bender, 1990; Brandes and Devol, 1997; Clark and 
Johnson, 2008). The reservoir effect concept is not restricted to any one setting; it is applicable to 
any geochemical system with chemical heterogeneities. All published studies have observed that 
the Rayleigh distillation model still applies at the macroscopic scale, but it must be modified by 
using an apparent fractionation factor, εeff, that is always significantly less in magnitude than the 
intrinsic fractionation factor, εintrinsic, which occurs at the microscopic scale and/or is established 
from well-mixed laboratory experiments. εintrinsic is less than εeff by a factor of two or more for 
simple sediment-water systems (Bender, 1990; Brandes and Devol, 1997; Clark and Johnson, 
2008). 
 To gain a better understanding of the reservoir effect, a thought experiment analyzing the 
effects of an extreme, simplified case can be considered (Fig. 1.1). In this scenario, Cr(VI) enters 
on the left-hand-side and is moved to the right by advection, represented by the large yellow 
arrows. In most of the model the reaction rate is zero, but a zone of highly reactive material that 
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reduces Cr(VI) exists in the middle of the model domain. For simplicity, we assume a model 
with uniform flow, and we ignore the effects of dispersion and diffusion. As the Cr(VI) moves 
from the left to the right, some or all of the Cr(VI) that enters the highly reactive lens, 
represented by the large green rectangle, will be reduced and removed from the groundwater by 
reduction, and precipitation of Cr(III) minerals. The reaction within the reactive rectangle has a 
fractionation factor of εintrinsic= -3.00‰. However, when the dissolved Cr(VI) remaining from the 
reaction in the water flowing out of the reactive zone mixes with the unreacted water (e.g., in a 
well sampling the entire outflowing side of the model), the apparent isotopic fractionation, εeff, is 
less than the intrinsic fractionation. This phenomenon is clearly apparent in the extreme case 
where all of the Cr(VI) entering the reactive zone is consumed inside that zone. Because all of 
the isotopically fractionated Cr(VI) was lost, the water at the right hand side of the model shows 
no isotopic shift at all, despite the fact that some of the Cr(VI) flowing in at the left side was lost. 
In other words, εeff is zero for this simplified, extreme case. In reality, this scenario is not likely, 
as some partially reacted Cr(VI) will tend to escape from reactive zones, due to complexities of 
natural systems. For example, if dispersive transport is added to the simple model of Fig. 1.1, 
then isotopically fractionated Cr(VI) would escape upward and downward out of the reactive 
zone. Similarly, groundwater flow paths through reactive zones might be relatively short, and/or 
reaction might be relatively slow, causing advection of isotopically fractionated Cr(VI) out of the 
reactive zone. Overall, we expect that the isotopic fractionation observed at the system scale, εeff, 
may be greatly muted relative to the intrinsic isotopic fractionation occurring at the microscopic 
scale. However, the degree to which this muting effect occurs depends on the reaction and 
transport characteristics of the system. 
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 We need to have a good estimate of the εeff in order to apply the Rayleigh model 
accurately. This diminished fractionation has important implications for practical use of isotope 
data in groundwater systems. For example, a field site contaminated with Cr(VI) could have 
significant amounts of reduction, occurring only within isolated low-permeability lenses. As a 
result of this heterogeneity, the relatively weak effective fractionation would lead to diminished 
observed δ53Cr increases. This, in turn, would lead to under-prediction of the extent of reaction if 
the intrinsic isotopic fractionation is used on the Rayleigh equation. One Cr isotope field study 
seems to confirm this effect (Berna et al., 2010).   
1.5 Importance 
 The reservoir effect causes diminished effective isotopic fractionation in heterogeneous 
systems, but the degree to which this occurs in groundwater systems in poorly known because of 
the complexity of the problem. Previous studies have only considered one-dimensional models 
with diffusion as the only transport mechanism. Natural groundwater systems are more complex, 
with advection and diffusion and varying aquifer geometries. In this study, it is hypothesized that 
the effective fractionation factors depend on reaction-transport parameters such as the hydraulic 
conductivity, dispersivity, reaction rate, and the number of reactive zones. This study aims to use 
simple, two-dimensional models to explore several different cases and estimate the possible 
range of effective fractionation factors. The goal of this study is to explore variation in effective 
fractionation factors in some simple heterogeneous aquifers. We anticipate our results will 
confirm the reservoir effect and provide evidence for lower estimates of effective epsilon values 
specific to heterogeneous field sites.  
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CHAPTER 2:  METHODS 
2.1 Development of reactive-transport model 
 A two-dimensional (2D) numerical model measuring 1 meter high by 10 meters long was 
constructed to represent the cross-sectional characteristics of a confined aquifer. These 
dimensions provide a model domain large enough to be representative of what is found at some 
contaminated sites, but also small enough to adequately model sedimentary interfaces and avoid 
possible discretization or numerical errors arising from overly sharp interfaces in the model 
calculations. Once the necessary input parameters and modeling program were decided, a 
computer model was created using MODFLOW and MT3DMS. In the early 1980s, the USGS 
developed MODFLOW, the 3D finite-difference groundwater transport model, and first released 
the code in 1984 (USGS, 2014). In 1990, MT3D, the 3D contaminant transport model, was 
created at the University of Alabama by Chunmiao Zheng (Zheng, 1990). In 1998, Chunmiao 
Zheng and P. Patrick Wang released MT3DMS, a modular 3D multispecies transport model 
(Zheng and Wang, 1999). Transport processes were simulated using MODFLOW and chemical 
reaction was integrated into the model using MT3DMS. Isotope ratios were simulated by treating 
the two isotopes as independent species with slightly different chemical properties. Chromium 
was used as an example, though the results of the model apply generally to all elements with 
isotopic fractionation generated by reaction. Two models were constructed for each case; one for 
the heavy isotope 53Cr and one for the light isotope 52Cr. The outputs of the two models then 
allowed calculation of the isotope ratio at each point within the model: 
𝑅 =
[ 𝐶𝑟53 ]
[ 𝐶𝑟52 ]
     (8) 
 For simplicity, this study does not consider sorption, or examine a three-dimensional 
(3D) model domain, nor does it simulate transient flow. The 2D cross-sectional model was 
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chosen to effectively capture the effects of heterogeneous reaction rate, while keeping the model 
scale and data manageable. We surmise that an additional dimension would not dramatically 
alter the first-order effects of heterogeneity, but further work is necessary to assess this 
rigorously (see discussion). 
 The Groundwater Vistas 6 (GWV6) software package was used to construct a 
MODFLOW2000 flow model and a MT3DMS reactive transport model. GWV6 is a graphical 
user interface for MODFLOW2000 and MT3DMS. For each case, the 53Cr and 52Cr shared the 
same values for all model input parameters with the exception of the inflowing concentration and 
the reaction rate. The initial concentration value for 52Cr was set at 1000 μg/L and its reaction 
half-life was chosen for each particular case (e.g., 100 days for the base case). The initial 
concentration of 53Cr was set at 113.39 μg/L, based on its natural abundance. 53Cr is the heavier 
isotope, and it has a slightly slower reaction rate than 52Cr (Johnson and Bullen, 2004).  
The slower reaction rate for 53Cr can be calculated using the fractionation factor. The 
fractionation factor was determined using the intrinsic epsilon value of -3.00‰; therefore, the 
fractionation factor, α, is 0.997 (Ellis et al., 2002). To determine the reaction rate, a half-life (t1/2) 
of 100 days was selected for the light isotope t1/2
52Cr. The half-life of the heavy isotope t1/2
53Cr 
was calculated by dividing t1/2
52Cr by α using the following equation:  
    
𝑡1/2
52𝐶𝑟
α
= 𝑡1/2
53𝐶𝑟    (9) 
   
100𝑑𝑎𝑦𝑠
0.997
= 100.3009027 𝑑𝑎𝑦𝑠 = 𝑡1/2
53𝐶𝑟  (10) 
 To incorporate heterogeneity into the model simulations, we selected a lens-shaped 
reactive zone. For simplicity, the boundary between the reactive low permeability lens and the 
surrounding sand matrix is sharp but in nature the contact may be more gradational. In most 
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models, the lenses represent finer-grained sediments with lower K, but a range of contrast in K 
was explored, including uniform K throughout the model.  
 Reducing lenses were created to incorporate heterogeneity into the model and account for 
variations in real-world depositional environments. Field observation of thin, organic-rich silt 
lenses, containing microbes and reducing minerals such as magnetite (Fe3O4), support the 
construction of this aquifer architecture (Ellis et al. 2002). The selection for the lens model 
geometry was based on observations of a sandy alluvial plain aquifer near San Francisco (Berna 
et al., 2010). However, this model is not site specific, and this geometry can be considered 
applicable to many chemically heterogeneous aquifers (Fig. 2.1).  
 The model input parameters governing groundwater flow and reactive transport can be 
found in Table 2.1. Hydraulic conductivity is a physical property which describes how easily 
water moves through an aquifer. Reasonable estimations of hydraulic conductivity, (K) values 
were chosen as to bring the model as close to representing a natural system as possible. These 
values were based on approximate ranges for K in different sediment types from Haitjema 
(1995). A K value of 50m/d was selected for the course sand matrix. A K value of 0.01m/d was 
chosen for the silt lens in the base case. 
 When determining the groundwater velocity for the model, we needed to choose a slow 
velocity to allow for a reasonable amount of reaction to occur. We selected a gradient of 
0.0005m for the 10m model length within the sand matrix. This gradient leads to a velocity of 
approximately 0.03m/d or 11m/yr. 
 Diffusion is mixing on a microscopic scale caused by molecule vibrations. In typical 
systems, the diffusion coefficient is so small compared to the dispersion coefficient that it is 
often considered negligible (Freeze and Cherry, 1979). The diffusion coefficient for sulfate was 
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used as the diffusion coefficient input for the model because sulfate is similar to chromate. The 
diffusion coefficient in water for sulfate at 25°C is 10.7 x 10-6 cm2/s (Domenico and Schwartz, 
1990). Porosity values were selected to be 20% for the sand matrix and 40% for the silt lens, 
based on porosity ranges for sediments in Fetter (2001). 
 The coefficient of hydrodynamic dispersion in the horizontal direction (Dx) is defined by 
the following equation: 
𝐷𝑥 = 𝑑𝐿 ?̅? +  𝐷
∗    (11) 
Where dL is used to describe the longitudinal mixing or dispersivity (in the direction of flow) of a 
fluid, ?̅? is the average linear velocity and D* is the molecular diffusion coefficient. The dL 
notation is not the typical notation used for dispersivity, but it is used here to avoid confusion 
with isotopic fractionation factor. For the vertical direction, transverse dispersivity (normal to the 
direction of flow) was considered. The equation describing this process is: 
𝐷𝑦 = 𝑑𝑇 ?̅? +  𝐷
∗    (12) 
 Dispersivity values were estimated based on the spatial scale of the heterogeneity. For a 
10m long contaminant plume, longitudinal dispersivity was chosen to be 0.01m and transverse 
dispersivity 0.003m. Per the USEPA’s On-line Tools for Site Assessment Calculation, this 
longitudinal dispersivity value is within the range for a 10m plume of 0.001m - 50m (USEPA, 
2013a). Transverse dispersivity values are approximately one third to one tenth of the value of 
longitudinal dispersivity (Fetter, 1999). 
 The model was set up to have first-order reaction kinetics. Reaction was isolated to the 
interiors of lenses, and was uniform within the lenses. No reaction occurred in the sand matrix 
outside the lenses.  
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2.2 Model Parameters 
 We chose to vary transport and reaction parameters as well as aquifer properties in order 
to observe which variables may have the greatest impact on the muting of isotopic fractionation 
(Table 2.2). For the first model, we created a very simplistic case with uniform flow and a 
reactive lens (Case 1). To make the model more representative of a real heterogeneous system, 
we decided that the reactive lens of the Base Case should incorporate low permeability. 
Advection-dominated (uniform flow) cases were constructed to compare with the low 
permeability lens of heterogeneous (non-uniform flow) cases. Additional model cases include 
ones with increased reaction rates (half-life of 50 days, 33 days, and 10 days), varying K of the 
reactive lens, varying dispersivity, varying porosity, and one with multiple reactive lens to 
observe the response in the magnitude of effective fractionation (Fig. 2.2).  
 For the Simple and Base Case models, we examined the effects of increased reaction 
rates to see if the reservoir effect was stronger when reaction rates were higher. Another variable 
we considered testing was an increase of K in the reactive lens. We assumed that this change 
would increase the flow through the reactive zone, resulting in less reaction and possibly less 
muting of fractionation. To understand how mixing impacts the reservoir effect, we increased the 
dispersivity of the model for cases (Table 2.2). We wanted to confirm that more mixing would 
shift effective fractionation toward the intrinsic value, which applies to a well-mixed 
homogeneous system. We also created multi-lens cases, based on the Simple and Base Case 
models, to evaluate the effects which multiple reactive lenses have on each other and the overall 
fractionation. We selected these variables because they are characteristic of heterogeneous 
aquifers and we assume are most likely to influence εeff fractionation. 
 Each model ran until a steady state was reached throughout. Slower flow zones were 
checked, utilizing a calibration target in the GWV6 program, to ensure that steady-state 
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conditions were attained everywhere in the model. We selected to calibrate the target by 
concentration. A concentration target is a point that can be placed in any node of the model and 
provide information of how that parameter varies over time. The validity of the model results 
were also tested using the mass balance function in GWV6. The mass balance output file 
provides the inflow and outflow values based on the boundary condition, total inflow/outflow 
and percent error for the model run. The lower the percent error, the more confidence there is in 
the model. A low percent error signifies that minimal amounts of mass are lost or added to the 
model. The models presented in this study have less than 0.01% error.  
 Model results were processed by calculating 53Cr/52Cr ratios using concentration data 
from the last column of nodes at the right (outflowing) edge of the model. Selecting the 
concentration values from the outflowing edge of the model is very similar to collecting 
concentration data from an observation well screened over the entire aquifer thickness. The ratios 
were converted to delta values, which give per mil deviations relative to the ratios of the 
inflowing water: 
𝛿 𝐶𝑟53 = (
( 𝐶𝑟53 / 𝐶𝑟52  )𝑠𝑎𝑚𝑝𝑙𝑒
0.11339
− 1)  𝑥 1000‰  (13) 
A weighted average of δ53Cr was determined to properly consider the reacted chromium 
compared to the unreacted, using the following equation: 
𝛿 𝐶𝑟𝑤𝑡.𝑎𝑣𝑔
53 = (
(∑ 𝛿 𝐶𝑟𝑖
53 ∗[ 𝐶𝑟𝑖
52  ]𝑜𝑢𝑡𝑓𝑙𝑜𝑤 ) 
(∑[ 𝐶𝑟𝑖
52  ]𝑜𝑢𝑡𝑓𝑙𝑜𝑤) 
)  (14) 
where i represents the node number in the rightmost column of the model. To calculate an εeff: 
𝜀𝑒𝑓𝑓 =
(ln(𝛿 𝐶𝑟𝑤𝑡.𝑎𝑣𝑔
53 +1000‰)−ln(𝛿𝑜+1000‰)
(ln([ 𝐶𝑟52 ]
𝑎𝑣𝑔 𝑜𝑢𝑡𝑓𝑙𝑜𝑤
)−ln( [ 𝐶𝑟52 ]
𝑖𝑛𝑖𝑡𝑖𝑎𝑙
))∗1000‰
  (15) 
 The εeff is a very important because it describes how isotopic fractionation is muted and 
thus the -3.00‰ intrinsic fractionation is diminished to a weaker effective fractionation. ε is a 
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manipulation of α, the magnitude of fractionation, expressed in the convenient per mil notation. 
The εeff equation (15) is a rearrangement of the above Rayleigh equation (7) and solved in terms 
of εeff.   
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CHAPTER 3:  RESULTS 
 For each model case, a concentration plot was exported from GWV6, and an isotope ratio 
color contour plot was created. In most models, the lens has lower hydraulic conductivity and 
higher porosity.  
3.1 Case 1:  Simple Case 
 In Fig. 3.1A, results are shown for Case 1. Results from this model show some general 
characteristics that are shared by all the models. The effects of reaction as are apparent as 
groundwater flows from left to right. The left side of the model, where water flows in, has the 
highest concentration of chromium, 1000 μg/L, represented in red. Concentration decreases 
within the lens of reactive material in the center of the model domain, because of reduction of 
Cr(VI) and its removal from solution. These low concentration waters then mix dispersively with 
waters outside the lens, resulting in lower concentrations in the non-reactive zones above and 
below the reactive lens. Concentrations decrease consistently in the downgradient direction 
(toward the right side of the model); this decrease is represented by the green and yellow colors. 
 The effective isotopic fractionation (ε value) for each model is calculated from the 
concentration and isotope ratio of all water flowing out of the model on the right side, using the 
Rayleigh distillation equation. The reservoir effect greatly decreases the magnitude of isotopic 
fractionation when reaction is restricted to a lens-shaped reactive zone surrounded by unreactive 
material. Isotope results for Case 1 are given in Fig. 3.1B. Water flowing into the model from the 
left contains unreacted chromium with δ53Cr of zero, indicated by the green color. High-δ53Cr 
waters, signified by the red color, occur in the lens interior as a result of Cr(VI) reduction 
inducing isotopic fractionation there. Diffusion and dispersion cause spreading of this reacted 
Cr(VI) upward and downward to form intermediate δ53Cr waters represented by yellow.  
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 Quantitatively, the results reveal how isotopic fractionation is affected by heterogeneity. 
The Simple Case is similar to the Base Case described in Table 2.1, except that it is a uniform 
flow case, in which the reactive lens has a hydraulic conductivity (50 m/d) and porosity (20%) 
equal to those of the unreactive material around it. Although reactive zones in real aquifers are 
likely to be finer, lower conductivity material, this case is a simpler case that serves as a good 
initial example. Groundwater flow is uniform with a velocity of 4.6 m/year throughout the 
model. The initial inflowing 52Cr concentration of 1000 μg/L decreases to an average of 707 
μg/L at the outflowing end (Fig. 3.1A); 29% of the Cr(VI) was lost via reduction. The53Cr model 
is not shown because the differences relative to the 52Cr model are subtle and not visible in the 
color contour plot. The color contour plot for 53Cr exhibits the same trend as the 52Cr color 
contour plot. The mass-weighted average δ53Cr value of the outflowing water is 0.77‰. This is 
considerably less than 1.03‰, the value predicted by a Rayleigh model for 29% reduction and an 
isotopic fractionation (ε value) of -3.00‰, the value the model uses locally at all reactive nodes. 
Accordingly, the system-scale isotopic fractionation, the effective fractionation, is much less 
than the microscopically relevant intrinsic fractionation. Using equation 15, we calculate an 
effective fractionation, εeff, of -2.22‰.  
 The models set up for Cases 1A-1C have the same setup as Case 1, except they have 
increased reaction rates. In Case 1A, reaction is twice as fast (the half-life as 50 days, as 
compared to 100 days in Case 1). This change resulted in more chromium reduction (or 
removal). In the concentration color flood (Fig. 3.2A) the increased reduction is represented by 
the lower concentration values in the lens as light blue. The concentrations are also lower at the 
outflowing side. Initial concentrations on the inflowing side start at 1000 μg/L, are reduced to 
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values below 500 μg/L in some locations, and average 576 μg/L at the outflow. This corresponds 
to 42% reduction. For Case 1A, the calculated εeff is -1.72‰.  
 Case 1B (Fig. 3.3) has a faster reaction rate, by a factor of three, compared to Case 1. 
Average outflowing concentrations of chromium (initially 1000 μg/L) are 503 μg/L, with some 
values reaching below 400 μg/L, and 50% of the Cr(VI) is reduced during flow through the 
model. The calculated εeff for Case 1B is -1.36‰. 
 Fig. 3.4 shows results for a highly reactive case, Case 1C. Compared with Case 1 (100 
day half-life), reaction has been increased an order of magnitude (half-life of 10 days). Due to 
the high reaction rate, concentration values at the outflowing side are greatly reduced from the 
initial 1000 μg/L, approaching 230 μg/L in some locations and averaging 364 μg/L. Thus, 64% 
of the Cr(VI) was reduced. Since the lens is so highly reactive, concentrations are nearly zero in 
the middle of the reactive zone, indicating that the rate of reaction overwhelms the transport of 
chromate into the zone’s interior. The calculated εeff for Case 1C is -0.57‰.  
3.2 Case 2:  Base Case 
 Case 2 (Fig. 3.5) is the Base Case model. In this case, the reactive lens has more realistic 
parameters. The Base Case porosity within the reactive lens is 40%, a value representative of a 
silt sediments (Fetter, 2001). The flow for Cases 2-2C is non-uniform due to the low hydraulic 
conductivity (0.01 m/d) and higher porosity (40%) reactive lens. Its reaction rate is the same as 
Case 1 (half-life of 100 days). Similarly, the non-reactive sand matrix surrounding the lens has a 
hydraulic conductivity of 50 m/d and a porosity of 20%, like Case 1. The average concentration 
value at the outflowing side is 573 μg/L and reach values as low as 480 μg/L (Fig. 3.5A) 
reducing 43% of the Cr(VI). The calculated εeff is -1.54‰ for Case 2.  
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 Case 2A is constructed like the Base Case, except the reaction rate is doubled by 
decreasing the half-life of the reactive lens to 50 days. The concentration of Cr(VI) in the interior 
of the reactive lens is approaching zero with the increased reaction rate (Fig. 3.6A). At the 
outflowing side the concentrations approach 370 μg/L, with an average value of 468 μg/L, and 
53% of the chromium reduced. The calculated εeff for Case 2A (half-life 50 days) is -1.09‰. 
 Case 2B (Fig. 3.7) is constructed the same as the Base Case except the reaction rate is 
increased by a factor of three. The concentration plot (Fig. 3.7A) shows the interior of the 
reactive lens has concentrations approaching zero. For Case 2B, the average concentration of 
chromium at the outflowing end of the model is 420 μg/L, and 58% of the Cr(VI) has been 
reduced. The isotope ratio plot (Fig. 3.7B) shows the highly reacted, and therefore high-δ53Cr 
waters in the interior of the lens represented by the red color. The calculated εeff is -0.81‰. 
 Case 2C has the highest reaction rate of the Case 2 models. The lens has a half-life of 10 
days, and thus the reaction rate is ten times that of the Base Case. This case was constructed 
primarily the same as the Base Case, except that its reactive lens has a faster reaction rate. For 
Case 2C, 66% of the chromium has been reduced (Fig. 3.8A) and the calculated εeff is -0.32‰. 
3.3 Cases 3 and 4:  Intermediate K values 
 Case 3 (Fig. 3.9) differs from the Base Case in that the hydraulic conductivity of the 
reactive lens was increased an order of magnitude, to 0.1m/d. The average concentration at the 
outflowing side of the model is 573 μg/L (Fig. 3.9A); 43% of the Cr(VI) has been reduced. For 
Case 3, εeff is -1.52‰. 
 Case 3A is constructed the same as Case 3, except the reactive lens has a higher reaction 
rate, by a factor of three. The average outflowing concentration is 420 μg/L; 58% of the Cr(VI) is 
lost (Fig. 3.10A). The calculated εeff for Case 3A is -0.80‰. 
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 In Case 4, the hydraulic conductivity of the reactive lens was increased another order of 
magnitude from Case 3 (two orders of magnitude higher than the Base Case). Results are 
displayed in Fig. 3.11. The reactive lens hydraulic conductivity is set to 1 m/d, while the 
surrounding sand remains 50 m/d. At the outflowing end of the model the average chromium 
concentration is 573 μg/L; 43% of the Cr(VI) has been lost. The εeff for Case 4 is -1.53‰. 
3.4 Cases 5 and 6:  High dispersion 
 Case 5 was created to see how increased dispersivity impacts the effective fractionation. 
Case 5 has longitudinal and transverse dispersivity values (0.01 m and 0.003 m respectively) five 
times higher than those used in the Base Case. The average chromium concentration at the 
outflowing side is 496 μg/L; 50% of the Cr(VI) was reduced (Fig. 3.12A). The calculated εeff is   
-1.96‰. The isotope plot, Fig. 3.12B, clearly shows the increased mixing evident in the smeared 
pink and orange colors at the outflowing side of the model.  
 Case 6 is the highest dispersivity case; the longitudinal dispersivity is 0.1m and 
transverse dispersivity is 0.03m. Both dispersivity values are increased an order of magnitude 
compared to those in the Base Case. Other parameters are the same as those of the base case. The 
average chromium concentration at the outflowing side is 456 μg/L; 54% of the chromium 
reduced (Fig. 3.13A). The calculated εeff is -2.17‰. Fig. 3.13B shows the isotope plot, which is 
very smeared. The boundaries of the lens are not as obvious as in the isotope plot for the Base 
Case. The high dispersivity values cause a significant mixing of the fractionated chromium at the 
outflowing side, evident by the uniform orange color at the outflowing end of the model. 
3.5 Case 7:  Low porosity 
 Case 7 was created to determine how porosity changes in the lens affect the effective 
fractionation. The model setup for Case 7 is the same as the Base Case, except the porosity of the 
lens was uniformly 20% throughout the model. Fig. 3.14A shows the concentration plot for this 
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model case. At the outflowing end, the average chromium concentration is 705 μg/L; 30% of the 
Cr(VI) is removed. The isotope ratio color plot can be found in Fig. 3.6B; the calculated εeff is      
-2.11‰, There is a -0.57‰ difference between εeff for the Base Case and Case 7, where Case 7 is 
more negative (i.e., less muting of the fractionation).  
3.6 Cases 8 and 9:  Multiple, smaller reactive lenses 
 Case 8 and Case 9 were constructed to determine if breaking the reactive zone up into 
multiple, smaller reactive lenses influenced the effective fractionation. Case 8 was constructed 
identical to the uniform hydraulic conductivity case (1), except the reactive lens was broken up 
into three thin reactive lenses. The concentration plot, Fig. 3.15A, shows the concentrations drop 
as the water flows past the reactive lenses and reacted, low-Cr water is mixed upward and 
downward by advection and dispersion. For Case 8, the average concentration of the chromium 
at the outflowing end of the model is 426 μg/L, with the lowest values (around 300 μg/L) 
associated with the third and final lens (top right with the light blue interior). 57% of the 
inflowing chromium was reduced. The three reactive lenses can be seen in the isotope ratio color 
plot, Fig. 3.15B. The first reactive lens which the moving water encounters (top left) is only very 
faintly colored pink, and is mostly smeared yellow due to mixing. The second lower lens which 
the plume encounters appears as a stronger pink color than the first. The final lens (top right), by 
which the flowing water passes has the darkest red color. εeff was calculated to be -2.37‰. 
 Case 9 is very similar to the Base Case, but with the reactive zone once again broken up 
into three reactive lenses with the same reaction rate. These lenses have low hydraulic 
conductivity (0.01 m/d) and a 40% porosity, compared to that of the sand matrix which has 50 
m/d hydraulic conductivity and 20% porosity. Fig. 3.16A shows the concentration plot for this 
case and is similar to that of the multi-lens advection Case 8, except that Case 9’s chromium 
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concentrations in the lenses are lower (light blue to blue in color). The rightmost of the three 
lenses (top right) has chromium concentrations that are very low, approaching zero. The average 
concentration of the chromium at the outflowing end of the model is 426 μg/L with the lowest 
values (around 300 μg/L) occurring near the third and final lens (top right with the light blue 
interior). 77% of the chromium was removed. The three reactive lenses can be seen in the isotope 
ratio plot, Fig. 3.15B. The first reactive lens which the moving water encounters (top left) is only 
very faintly colored pink, and the plot is mostly smeared yellow due to mixing of reacted and 
unreacted chromium. The second lower lens which the plume encounters appears as a deeper 
pink color, and the final lens (top right) which the plume passes is the darkest red color. The εeff 
for Case 9 was calculated to be -1.59‰. 
3.7 Relationship of effective fractionation to the amount of Cr(VI) removed 
 Fig. 3.17 shows the relationship between the percent of the inflowing Cr(VI) lost to 
reduction and εeff for all nine model cases. A clear and simple trend emerges from the results of 
most of the models. These include the Simple Cases (1-1C) and Base Cases (2-2C) which 
include high reaction cases, as well as in the higher porosity case (7) and the higher hydraulic 
conductivity cases (3, 3A and 4). Fig. 3.17 shows that these cases all plot along the same linear 
trend line, red dotted line.  
 The higher dispersivity cases (5 and 6), green dashed line, form a trend perpendicular to 
the line defined by Cases 1 through 4 and Case 7. Thus, it appears that higher dispersivity leads 
to more negative εeff (i.e., less muting of the fractionation). Similarly, the multi-lens cases (8 and 
9), plot toward more negative εeff relative to similar single lens cases, but with a similar trend as a 
function of the percent Cr(VI) reduced. Interestingly, although they have the most chromium 
removed of all the models, they have much less muting of isotopic fractionation compared to 
similar models with larger, single lenses.   
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CHAPTER 4:  DISCUSSION 
4.1 Method challenges 
 When developing numerical models, discretization errors are often a concern. These 
errors arise from a fundamental inability to perfectly represent the smooth gradients of a real 
system using discrete nodes in a numerical model. Accordingly, the errors are largest in those 
parts of the models where strong gradients are present, such as in the interface between a reactive 
lens and unreactive sandy material. To address this concern, we tested for discretization errors by 
doubling the number of nodes in the design of the final models. No significant change was 
observed from the prior models with fewer nodes.  
 For this first study, 2D models were used, and this introduces some inaccuracy, relative 
to real systems with 3D heterogeneity patterns. A 3D model would likely produce a more 
realistic simulation compared to the 2D model, but we chose the 2D representation to avoid the 
computational strains of an additional dimension. We hypothesize that the 2D model captures the 
general characteristics of a typical aquifer. This seems reasonable because in a real aquifer, the 
reducing zones would likely form thin sheet-like lenses that extend for long distances in the 
direction perpendicular to flow (the third dimension ignored in the models). In this case, there 
would be little variation in transport fluxes in the third dimension not modeled here, and thus the 
2D models should capture the first-order features of the systems. However, this would not be 
true for other patterns of heterogeneity, such as those produced by cigar-shaped or football-
shaped reactive zones. A 3D study would be very useful to explore a wider range of sedimentary 
architectures, but at present, the 2D models give a good start in identifying variations in effective 
fractionation. 
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4.2 Controls on εeff 
 The major goal of this study is to explore the muting of isotopic fractionation that is 
driven by heterogeneity, as described above in Section 1.4. The muting of isotopic fractionation 
associated with the reservoir effect can be seen in all the models of this study. Moreover, this 
muting effect increases as reaction rates are systematically increased. For example, as half-life 
decreases from 100 days (Simple Case) to 50 days (Case 1A), to 33 days (Case 1B), and to 10 
days (Case 1C), the εeff becomes progressively less negative (Table 3.1). In the Base Case, with 
the more realistic low-permeable lens, the same general pattern still applies. As we decrease the 
half-life from 100 days (Base Case) to 50 days (Case 2A), to 33 days (Case 2B), and to 10 days 
(Case 2C), the εeff changes from -1.54‰ (Base Case) to -0.32‰ (Case 2C). This last case 
represents a muting of the isotopic fractionation by a factor greater than nine, relative to the 
intrinsic isotopic fractionation. The plots for Case 2C (Fig. 3.8) show the muting effect clearly. 
The chromium concentrations within the lens are zero and a significant amount (66%) has been 
lost. However, this loss is only minimally reflected in the isotopes (Fig. 3.8B) which average 
only -0.32‰ in the outflowing water. 
 The stronger reservoir effect and greater muting of isotopic fractionation is stronger in 
the Base Case models relative to the Simple case models with uniform hydraulic conductivity. 
This may be due to the non-uniform flow of groundwater. The water inside the reactive lens is 
moving slower in the Base Cases due to the lower permeability compared to the Simple Cases. 
For the Base Cases, the groundwater in the silty lens has a velocity of about 4.6x10-4 m/yr (it is 
4.6 m/yr in the sandy zones). For the Simple Cases, both the sand and silt matrices have a 
velocity of 4.6 m/yr. Since the water is moving slower in the Base Cases’ reactive lens, the 
chromium has more time to react. With more Cr(VI) lost to reaction, and thus less of the reacted 
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Cr(VI) escaping from the reactive zone, there is less memory of the fractionation even though 
significant amounts of the chromium have been removed.  
 Interestingly, the Simple Case and Base Case εeff values follow the same trend as a 
function of the amount of Cr(VI) lost. Fig. 3.17 plots εeff versus the percent of chromium 
reduced. The Base and Simple cases all fall along the same line, as well as the high porosity case 
(Case 7) and the intermediate hydraulic conductivity cases (3, 3A, and 4). Decreasing the 
porosity of the model to 20%, and keeping it uniform throughout, decreased the muting of the 
“reservoir effect.” This was an unexpected result. The εeff for Case 7 is -2.11‰, reflecting a shift 
in value away from the Base Case of εeff -1.54‰ and toward the εintrinsic of -3.00‰. Case 7, with 
a low permeability lens, has a uniform porosity throughout with a 30% chromium reduction. 
Case 7 is similar to the Simple Case, which had a comparable εeff of -2.22‰ and a 29% 
chromium reduction. The similarities between the two cases can be seen in Fig. 3.17.  
 Oddly, changes in hydraulic conductivity of the reactive lens had little effect on εeff 
(Table 3.1), Compared to the Base Case, Cases 3, 3A and 4 have an increased hydraulic 
conductivity of the reactive lens. These same cases’ results did not yield any significant change 
compared to the Base Case. Increasing the hydraulic conductivity of the lens an order of 
magnitude from the Base Case 0.01 m/d to 0.1m/d in Case 3 resulted in a slight shift of isotope 
values. In Case 3, the εeff is -1.52‰, it is not significantly different from the Base Case εeff of       
-1.54‰; nor was there a shift in the 43% chromium reduction (Table 3.1). Increasing the lens 
hydraulic conductivity two orders of magnitude from the Base Case to 1 m/d in Case 4 also did 
not change the isotopes or the amount of chromium removed from the system. Case 4 and Case 3 
both have virtually the same εeff values and chromium reduction (Table 3.1). This can be seen in 
Fig. 3.17, where both of the cases are plotted. Overall, all the models from cases 1, 1A, 1B, 1C, 
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2, 2A, 2B, 2C, 3, 3A, 4, and 7 seem to suggest a simple relationship that could be used to 
understand and predict effective isotopic fractionation in real systems. 
 However, the remaining model cases break the pattern and suggest real aquifers may be 
much more complicated. We observed that an increase in dispersivity is associated with an 
increase in loss of Cr(VI) accompanied by a decrease in the reservoir effect along a trend very 
different from the trend set by cases 1, 1A, 1B, 1C, 2, 2A, 2B, 2C, 3, 3A, 4, and 7 (Fig.. 3.17). In 
Case 5, dispersivity was increased by a factor of five, over the Base Case, resulting in εeff of        
-1.96‰. Compared to the Base Case εeff of -1.54‰, the isotope values of Case 5 shift toward the 
εintrinsic of -3.00‰. In Case 6, the dispersivity increases in an order of magnitude greater than that 
of the Base Case to εeff -2.17‰, as the isotopes continue to shift toward the εintrinsic of -3.00‰. 
One possible explanation for the weaker reservoir effect may be due to the increased mixing, 
which increases communication of the reactive lens interior with the outside. We assume the 
mixing decreases the strength of the “reservoir effect,” as reacted Cr is more easily moved out of 
the reactive lens by the vertical mixing effects of dispersion. The unique trend of the high 
dispersivity cases (Case 5 and 6) can be seen in Fig. 3.17. In this figure, these cases deviate from 
the simple, base, porosity, and hydraulic conductivity line.  
 Multi-lens cases (8 and 9) showed weaker “reservoir effects” relative to the single lens 
cases. For the advection dominated multi-lens case (8), the εeff of -2.37‰ was the least muted of 
all cases when compared to the εintrinsic of -3.00‰. This trend may be due to the increased 
reactive surface area compared to the other cases with a single lens. Because more of the reactive 
material is located short distances from the non-reactive sandy zones the ability of reacted Cr(VI) 
to escape the reactive zones should be greater. The εeff for the low permeability multi-lens case 
(9) is -1.59‰, comparable to that of the Base Case εeff of -1.54‰. However, Case 9 shows the 
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most significant removal of chromium of all tested models at 77%. Fig. 3.17 plots this unique 
trend of the εeff and the percent of chromium lost for the multi-lens cases (8 and 9). The results 
from Cases 8 and 9 lead to a very important conclusion:  the geometry of the reactive zones in an 
aquifer has a major impact on the effective fractionation. Because sedimentary geometries can be 
highly variable, this is a key insight that must be explored further. In future studies, quantifying 
the amount of mixing, or the amount of water that moves through the lens, and observing how 
those parameters affect the effective fractionation, would be very helpful. 
4.3 Future work and practical applications 
 More work is needed to understand what specific properties or parameters drive the 
reservoir effect and the extent to which it diminishes the effective fractionation under certain 
conditions. A 3D model should be constructed to see if the addition of another dimension will 
affect the muting of the isotopic fractionation. Additionally, since we only considered steady-
state flow and concentration models, examining the effects of transient flow and advancing 
plumes may yield valuable results. Changing model parameters such as the construction of 
reactive lenses and their locations may produce important results about how the isotope values 
respond to alternative model geometries, adding to our knowledge of heterogeneous systems.  
 In conclusion, there is at present no simple criterion to accurately predict or quantify the 
εeff for a specific field site. Field studies at sites with low permeability lenses and potential for 
fast reaction should be especially mindful of the “reservoir effect,” as the amount of contaminant 
reduction may be vastly underestimated. A highly detailed, site-specific model is needed to 
provide the best estimate of the εeff based on observed parameters. The results of this study 
indicate that the determination of aquifer properties and parameters are necessary to create an 
accurate reactive-transport model that can be used to determine reaction rates and/or extents of 
reaction from isotopic data.  
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CHAPTER 5:  CONCLUSIONS 
 The numerical reaction-transport models presented in this study allow an examination of 
how heterogeneity in physical and chemical processes control εeff. Although the models in this 
study were written for chromium, the εeff muting trend is not dependent upon the element and 
can be applied to any of the redox sensitive contaminants (e.g. nitrate, selenite, perchlorate, TCE, 
etc.) mentioned in the introduction. The various model cases provided the following insights:  
1) In models providing reasonable simulations of real aquifers with reactions occurring only 
in low permeability reactive lenses, isotope ratios shifts observed at the outflowing end 
were much weaker than they would be if the reactions were homogeneously distributed 
through the system. This confirms that the reservoir effect yields strongly decreased εeff 
(between a factor of two and a factor of ten less than εintrinsic). 
2) While there is no simple way to determine εeff at contaminated field sites, this study 
identified two important parameters that influence fractionation: low permeability 
reactive zones and high reaction rates. Fractionation is most strongly muted when 
reactive zones are isolated from the remaining contamination plume. This disconnection, 
unique to heterogeneous systems, is a key feature in influencing the reservoir effect. In 
zones with high reaction rates, chromium is completely reduced and, as a result, there is 
no Cr(VI) escaping the reactive zone. When this occurs, the isotopic fractionation 
induced by the reaction is not reflected in the isotope samples collected downstream. The 
effective epsilon at the system scale, which drives isotopic shifts observed in the 
collected field samples, indicates muted fractionation relative to the intrinsic 
fractionation. 
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3) The reservoir effect is not as strong (i.e., fractionation is muted to a lesser extent) when 
dispersive mixing is high, and in cases where reaction occurs in several smaller reactive 
lenses rather than a single lens.  
4) A reactive-transport model can aid in environmental monitoring studies by providing a 
more accurate estimation of the εeff using the Rayleigh distillation equation to quantify 
contaminant reduction. Developing a site specific model, that takes into account these 
parameters, is key to improving the accuracy of measuring isotope ratios to determine the 
amount of natural attenuation at contaminated sites. 
 The above insights shed some light on potential influences on εeff at contaminated field 
sites. These insights should help improve the accuracy of estimates of contaminant reduction 
rates. However, the models of this study do not yet provide a complete understanding that can be 
used to predict εeff precisely. It appears to vary as a function of most reaction and transport 
parameters, and this level of complexity makes prediction difficult.  
 Further research could examine the effects of some variables not explored here, including 
transient conditions and 3-dimensional heterogeneity. These more sophisticated models would 
likely produce more realistic results. Another area for future research would involve varying the 
model geometry, to see how the εeff shifts in response. For example, model construction could 
include inverting the present geometry to resemble a glacial outwash aquifer. This would change 
the majority of the model matrix to consist of reactive low permeability sediments with non-
reactive high permeability lenses. Overall, the present study confirms the notion that strong 
muting of isotopic fractionation occurs via the reservoir effect, but accurate prediction of this 
effect for real aquifers awaits future study. 
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CHAPTER 6:  FIGURES AND TABLES 
 
 
Figure 1.1.  Cartoon of the extreme case. 
 
 
Fig.  2.1 Model reactive lens geometry. The sand matrix is colored pink and the gray color 
represents the lower permeability silt reactive lens. 
 
 
Fig. 2.2  Multi lens case model geometry. The sand matrix is colored pink and the gray color 
represents the lower permeability silt reactive lens. 
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Fig. 3.1.  Model results for Case 1, which is similar to the Base Case model except the hydraulic 
conductivity and porosity inside the reactive zone are the same as those outside.  A) Color countour plot 
of dissolved Cr(VI) concentration.  B) Isotope ratio color countour plot. The unreacted chromium, with 
the lowest δ53Cr, shows as green areas. The interior of the lens where the isotope ratio is the highest 
shows as a red zone. The high δ53Cr water diffuses out to created intermediate δ53Cr waters represented by 
yellow. 
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Fig. 3.2.  Model results for Case 1A are similar to Case 1, except the reaction rate is increased (half-life 
50 days as compared to 100 days in Case 1).  A) Color countour plot of dissolved Cr(VI) concentration.  
B) Isotope ratio contour plot color scale is the same as Fig. 3.1. 
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Fig. 3.3.  Model results for Case 1B are similar to Case 1, except the reaction rate is increased (half-life 
33 days).  A) Color countour plot of dissolved Cr(VI) concentration.  B) Isotope ratio contour plot color 
scale is the same as Fig. 3.1.  
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Fig. 3.4.  Model results for Case 1C are similar to Case 1, except the reaction rate is increased (half-life 
10 days).  A) Color countour plot of dissolved Cr(VI) concentration B) Isotope ratio contour plot color 
scale is the same as Fig. 3.1. 
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Fig. 3.5.  Model results for Case 2, the Base Case model, with a low hydraulic conductivity reactive lens.  
A) Color countour plot of dissolved Cr(VI) concentration.  B) Isotope ratio contour plot color scale is the 
same as Fig. 3.1. 
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Fig. 3.6.  Model results for Case 2A are similar to the Base Case model (Case 2), except the reaction rate 
is increased (half-life 50 days).  A) Color countour plot of dissolved Cr(VI) concentration.  B) Isotope 
ratio contour plot color scale is the same as Fig. 3.1. 
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Fig. 3.7.  Model results for Case 2B are similar to the Base Case model, except the reaction rate is 
increased (half-life 33 days).  A) Color countour plot of dissolved Cr(VI) concentration.  B) Isotope ratio 
contour plot color scale is the same as Fig. 3.1. 
 
 
 
  δ‰ 
  
4.8 
 
2.1 
 
0 
Fig. 3.8.  Model results for Case 2C are similar to the Base Case model, except the reaction rate is 
increased (half-life 10 days).  A) Color countour plot of dissolved Cr(VI) concentration.  B) Isotope ratio 
contour plot color scale is the same as Fig. 3.1. 
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Fig. 3.9.  Model results for Case 3 are similar to the Base Case model, except the hydraulic conductivity 
is an order of magnitude greater, 0.1m/d.  A) Color countour plot of dissolved Cr(VI) concentration.  B) 
Isotope ratio contour plot color scale is the same as Fig. 3.1. 
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Fig. 3.10.  Model results for Case 3A are similar to Case 3, except the reaction rate is increased (half-life 
33 days).  A) Color countour plot of dissolved Cr(VI) concentration.  B) Isotope ratio contour plot color 
scale is the same as Fig. 3.1. 
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Fig. 3.11.  Model results for Case 4 are similar to the Base Case model, except the hydraulic conductivity 
is two orders of magnitude greater, 1m/d.  A) Color countour plot of dissolved Cr(VI) concentration.  B) 
Isotope ratio contour plot color scale is the same as Fig. 3.1. 
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Fig. 3.12.  Model results for Case 5 are similar to the Base Case model, except the dispersivity is 
increased by a factor of five.  A) Color countour plot of dissolved Cr(VI) concentration.  B) Isotope ratio 
contour plot color scale is the same as Fig. 3.1. 
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Fig. 3.13.  Model results for Case 6 are similar to the Base Case model, except the dispersivity is an order 
of magnitude greater.  A) Color countour plot of dissolved Cr(VI) concentration.  B) Isotope ratio contour 
plot color scale is the same as Fig. 3.1. 
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Fig. 3.14.  Model results for Case 7 are similar to the Base Case model, except the porosity is uniform 
(20%) throughout.  A) Color countour plot of dissolved Cr(VI) concentration.  B) Isotope ratio contour 
plot color scale is the same as Fig. 3.1. 
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Fig. 3.15.  Model results for Case 8 are similar to Case 1 (uniform hydraulic conductivity and porosity), 
except there are 3 reactive lenses (half-life 100 days).  A) Color countour plot of dissolved Cr(VI) 
concentration.  B) Isotope ratio contour plot color scale is the same as Fig. 3.1. 
 
38 
 
 
 
  δ‰ 
  
4.8 
 
2.1 
 
0 
Fig. 3.16.  Model results for Case 9 are similar to the Base Case model, except there are 3 reactive low-
pearmeability lenses (half-life 100 days).  A) Color countour plot of dissolved Cr(VI) concentration.  B) 
Isotope ratio contour plot color scale is the same as Fig. 3.1. 
 
 
Fig. 3.17.  Scatter plot of effective epsilon versus percent of Cr(VI) lost, for all cases. The red dotted line 
fits all cases, except for the high dispersivity and multi-lens cases.  
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Table 2.1.  Base Case (Case 2) Model Inputs for refined 1m x10m 52Cr model. 
 Sand Silt Lens 
 Zone 1 Zone 2 
Hydraulic Conductivity  
(Kx & Ky) (m/d) 
50 0.01 
Porosity 0.2 0.4 
Recharge 0 0 
Longitudinal dispersivity 
[dL] (meters) 
0.01 0.01 
Transverse dispersivity [dT] 
(meters) 
0.003 0.003 
Half-life (days) No reaction 100 
Initial Concentration (g/L) 1000 enter on Left hand side  
Diffusion (m2/d) 9.2448 x 10-5 9.2448 x 10-5 
Head Elevation (meters) Left hand side: 1.0005 Right hand side: 1 
 
Table 2.2.  Reaction and transport parameters for the various model cases. 
Case Number  
1 Simple:  Uniform K with reactive lens (advection dominated) 
1A        High reaction – half-life =50 days 
1B        High reaction – half-life =33 days 
1C        High reaction – half-life =10 days 
  
2 Base Case:  Low K reactive lens 
2A        High reaction – half-life = 50 days 
2B        High reaction – half-life = 33 days 
2C        High reaction – half-life = 10 days 
  
3 Reactive lens intermediate K = 0.1  
3A        High reaction – half-life = 33 days 
4 Reactive lens intermediate K =1 
  
5 High dispersivity (long & vert =0.05; trans=0.015) x5 
6 High dispersivity (long & vert =0.1, trans=0.03) x10 
7 Low K reactive lens uniform porosity (20%) 
  
8 Multi lens – 3 Lenses uniform K  
9 Multi lens – 3 Lenses low K reactive lens 
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Table 3.1.  Calculated εeff and percent Cr(VI) lost (or the amount of reduced chromium removed). 
  
Case 
Number 
 Effective ε % Lost 
1 Simple:  Uniform K with reactive lens (advection dominated) -2.22‰ 29% 
1A        High reaction – half-life =50 days -1.72‰ 42% 
1B        High reaction – half-life =33 days -1.36‰ 50% 
1C        High reaction – half-life =10 days -0.57‰ 64% 
    
2 Base Case:  Low K reactive lens -1.54‰ 43% 
2A        High reaction – half-life = 50 days -1.09‰ 53% 
2B        High reaction – half-life = 33 days -0.81‰ 58% 
2C        High reaction – half-life = 10 days -0.32‰ 66% 
    
3 Reactive lens intermediate K = 0.1  -1.52‰ 43% 
3A        High reaction – half-life = 33 days -0.80‰ 58% 
4 Reactive lens intermediate K =1 -1.53‰ 43% 
    
5 High dispersivity (long & vert =0.05; trans=0.015) x5 -1.96‰ 50% 
6 High dispersivity (long & vert =0.1, trans=0.03) increased 
an order of magnitude 
-2.17‰ 54% 
7 Low K reactive lens uniform porosity (20%) -2.11‰ 30% 
    
8 Multi lens – 3 Lenses uniform K  -2.37‰ 57% 
9 Multi lens – 3 Lenses low K reactive lens -1.59‰ 77% 
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